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Tissue factor (TF) is the principal initiator of blood coagu-
lation and is necessary for thrombosis. We previously reported
that lysophosphatidic acid (LPA), a potent bioactive lipid, highly
induces TF expression at the transcriptional level in vascular
smooth muscle cells. To date, however, the specific role of the
LPA receptor is unknown, and the intracellular signaling
pathways that lead to LPA induction of TF have been largely
undetermined. In the current study, we found that LPA mark-
edly induced protein kinase D (PKD) activation in mouse aortic
smooth muscle cells (MASMCs). Small-interfering RNA-medi-
ated knockdown of PKD2 blocked LPA-induced TF expression
and activity, indicating that PKD2 is the key intracellular
mediator of LPA signaling leading to the expression and cell
surface activity of TF. Furthermore, our data reveal a novel
finding that PKD2 mediates LPA-induced TF expression via the
p38α and JNK2 MAPK signaling pathways, which are accom-
panied by the PKD-independent MEK1/2-ERK-JNK pathway.
To identify the LPA receptor(s) responsible for LPA-induced TF
expression, we isolated MASMCs from LPA receptor-knockout
mice. Our results demonstrated that SMCs isolated from LPA
receptor 1 (LPA1)-deficient mice completely lost responsiveness
to LPA stimulation, which mediates induction of TF expression
and activation of PKD and p38/JNK MAPK, indicating that
LPA1 is responsible for PKD2-mediated activation of JNK2 and
p38α. Taken together, our data reveal a new signaling mecha-
nism in which the LPA1-PKD2 axis mediates LPA-induced TF
expression via the p38α and JNK2 pathways. This finding pro-
vides new insights into LPA signaling, the PKD2 pathway, and
the mechanisms of coagulation/atherothrombosis.

Tissue factor (TF) is a transmembrane protein that is a key
initiator of the extrinsic pathway of the blood coagulation
cascade (1, 2) and can trigger both arterial and venous throm-
bosis (3–6). TF has also been reported to mediate smooth
muscle cell (SMC) migration (7) and proliferation (8), both of
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which contribute to the development of atherosclerosis. In
normal arteries, little or no TF is found in the intima or media;
however, in acute arterial injury, SMCs appear to be chief sites of
TF expression (9). TF is also abundant in atherosclerotic plaques
(10–13), where it colocalizes with both SMCs andmacrophages
(11, 14). The amount of TF protein in the plaque correlates with
TF activity (15, 16); however, the stimuli responsible for TF
expression in cells of arterial lesions and the mechanisms of TF
induction within the plaque are still largely unknown.

Previously, we reported that low-density lipoprotein (LDL),
oxidized LDL (oxLDL), and their lipid extracts induce TF gene
expression in SMCs (17). Native LDL does not induce TF
expression as strongly as oxLDL, suggesting that particular lipid
components of oxLDL enhance TF gene induction (17). We
found that lysophosphatidic acid (LPA) markedly induces the
levels of TF mRNA, TF protein, and TF surface activity in rat
SMCs (18). LPA has been shown to be a component of oxLDL
and to accumulate in human atherosclerotic plaques in vivo (19).
LPA levels were increased in culprit coronary arteries in human
patients and in experimentally induced mouse atherosclerotic
plaques (20, 21). LDL-associated LPA is increased in plasma from
high-fat Western diet-fed mice that are genetically prone to
hyperlipidemia (22). Our previous study demonstrated that LPA-
induced TF expression is controlled at the transcriptional level
and that LPA induction of TF gene expression in SMCs depends
on the activation of a Gi protein and the subsequent phosphor-
ylation of mitogen-activated protein kinase kinases (MEKs) and
extracellular signaling–regulated kinases (ERKs) (18). In the
current study, we aimed to explore other essential signaling
pathways mediating LPA-induced TF expression and to identify
the specific LPA receptor that controls TF expression.

The protein kinase D (PKD) family comprises three mem-
bers: PKD1, PKD2, and PKD3. This family possesses substrate
specificity similar to Ca2+/calmodulin-dependent protein ki-
nases (CaMKs) and structural features reminiscent of PKCs.
The structure of PKDs consists of a C-terminal catalytic
domain and an N-terminal region with autoinhibitory, regu-
latory domains such as the diacylglycerol (DAG) binding
domain and the pleckstrin homology domain (23). Activated
forms of PKD1 and PKD2 (but not PKD3) autophosphorylate
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LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
at a consensus phosphorylation motif of PKD1 and PKD2 (in a
PDZ domain-binding motif) at the extreme C-terminus. This
modification regulates interactions with scaffolding proteins,
trafficking to distinct cellular subdomains, and the amplitude/
tempo of PKD signaling responses (24).

The function of PKDs in LPA-mediated events in vascular
biology has not been well explored. PKD1 has been reported to
be involved in LPA-promoted angiogenesis (25) and CD36
transcription (26) in endothelial cells. However, the role of the
other PKD isoforms in LPA-induced vascular signaling re-
mains undocumented. Also, whether and how PKD mediates
LPA signaling leading to the expression of the coagulation
initiator TF has not been revealed.

In the current study, our data demonstrate that LPA
markedly induces PKD activation in mouse aortic SMCs.
Interestingly, we found that PKD2 mediates LPA-induced TF
expression via JNK and p38 MAPK pathways. We further
identified that PKD2-mediated, LPA-induced TF expression is
specifically dependent on the activation of p38α MAPK and
Figure 1. LPA induces activation of protein kinase D (PKD) in mouse aortic
of PKD isoforms in MASMCs using antibodies against PKD1, PKD2, and PKD3.
loading control. B, Western blot analysis of the time course of LPA stimulation o
p-PKD activation loop (Ser 744/748) were used. PKD1 protein expression is
quantified by densitometry. Data are mean ± SD from three experiments. D, We
phosphorylation. MASMCs were stimulated with LPA for 5 min. E, concentra
densitometry. Data are mean ± SD from three experiments. *p < 0.05 and **p
isoforms (PKD1–3). Harvested protein samples were immunoprecipitated wit
analysis for detection of each of the three PKD activations (first panel) with a
indicate the efficiency of the immunoprecipitation with each of the specific P
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JNK2. In addition, using isolated primary SMCs from LPA
receptor knockout mice, our data reveal that LPA receptor 1
(LPA1) is the key receptor controlling LPA-induced TF
expression. Targeting this signaling cascade could be a
novel approach for preventing blood coagulation and
thrombus formation. These results offer new insights into the
LPA-triggered mechanisms of blood coagulation and
atherothrombosis.

Results

Three PKD isoforms are expressed in MASMCs

To examine whether PKD mediates LPA signaling in SMCs,
we first examined the expression levels of PKD isoforms in
mouse aortic SMCs (MASMCs). Cell lysates of MASMCs were
collected and analyzed by Western blotting with specific an-
tibodies against PKD family members: PKD1, PKD2, and
PKD3. Cell lysate from HEK293 cells was used as a positive
control, because all three PKD isoforms are known to be
expressed in this cell line (27). As shown in Figure 1A, all three
smooth muscle cells (MASMCs). A, Western blot analysis of the expression
Lysates of HEK293 cells were used as a positive control. β-actin serves as a
f PKD phosphorylation in MASMCs. Antibodies against p-PKD1 (Ser916) and
shown in the bottom panel. C: time-dependent PKD phosphorylation was
stern blot analysis of the concentration dependence of LPA induction of PKD
tion-dependent PKD phosphorylation induced by LPA was quantified by
< 0.01 versus control. F, immunoprecipitation results of phospho-PKD three
h specific PKD1, PKD2, and PKD3 antibodies followed by Western blotting
ntibody against p-PKD activation loop (Ser744/748). The lower panels (2–4)
KD antibodies. IgG immunoprecipitation serves as a negative control.



LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
PKD isoforms, PKD1, PKD2, and PKD3, are expressed in
MASMCs.

LPA rapidly and markedly induces activation of PKD in
MASMCs

To determine whether LPA activates PKD in MASMCs, we
next examined PKD phosphorylation in MASMCs. The PKD
activation loop is fully conserved in all three mammalian PKD
isoforms (Table 1). Hence, PKD “activation loop” phospho-
specific antibodies should cross-react equally with PKD1
(phosphorylated on Ser744/Ser748), PKD2 (phosphorylated
on Ser707/Ser711), and PKD3 (phosphorylated on Ser730/
Ser734) (28). It has been shown that phosphorylation of the
serine residue at the C terminus of PKD1 (Ser916) occurs by
auto-phosphorylation and correlates with the activation sta-
tus of PKD1 (29); however, PKD3 lacks an extreme C-ter-
minal phosphorylation site (Table 2) (24, 30, 31). All three
isoforms of PKD share phosphorylation sites in the activation
loop (23). Cultured MASMCs were starved for 24 h and then
treated with 10 μM LPA for various time periods. Specific
antibodies against PKD1’s C-terminal auto-phosphorylation
site (Ser 916) and the PKD activation loop (Ser744/748)
were used to detect PKD activation in these cell lysates. As
shown in Figure 1, B and C, we observed that PKD1 auto-
phosphorylation and PKD activation (phosphorylation at the
PKD activation loop) were markedly and rapidly induced,
with a peak around 45 s–5 min. PKD1 protein expression
showed no change after LPA stimulation. The LPA-induced
phosphorylation of serine residues at both the C terminus
of PKD1 and the PKD activation loop declined to baseline at
around 3 h (Fig. 1, B and C). As shown in Figure 1, D and E,
LPA also induced phosphorylation of both the PKD1 C ter-
minus (S916) and the PKD activation loop (S744 and S748 in
PKD1) in a dose-dependent manner. These data indicate that
LPA markedly induces activation of PKD in MASMCs. In the
following studies, the LPA concentration of 10 μM was
chosen to stimulate MASMCs because it is in the range of
pathological concentrations found in atherosclerotic lesions
in vivo (19) and acute myocardial infarction (32).

All three isoforms of PKD are activated by LPA in SMCs

The effect of LPA on the activation of all three PKD iso-
forms is currently undocumented. Our experiment demon-
strated that all three isoforms of PKD are expressed in
MASMCs (Fig. 1A) and that LPA markedly induced the
phosphorylation of the PKD1 C-terminus and the activation
loop of PKD (Fig. 1, B and C). To determine whether all three
PKD isoforms were activated (phosphorylated at the activa-
tion loop site), we immunoprecipitated PKD1, PKD2, and
PKD3 using three isoform-specific PKD antibodies in both
Table 1
Highly conserved activation loop kinase domains of the three mouse p

PKD1 (mouse) 722-SADPFPQVKLCDFGFARIIGEKS744FRRS748VVGTPAYLAPEV
PKD2 (mouse) 685-SADPFPQVKLCDFGFARIIGEKS707FRRS711VVGTPAYLAPEV
PKD3 (mouse) 708-SAEPFPQVKLCDFGFARIIGEKS730FRRS734VVGTPAYLAPEV
untreated and LPA-stimulated MASMCs. We then used
phospho-PKD activation loop-specific antibody (against p-
Ser744/748 in PKD1) to detect activation loop phosphory-
lation of each PKD isoform by Western blot analysis. We
found that phosphorylation of the PKD activation loop was
detected in all three PKD isoforms (PKD1, PKD2, and PKD3)
in response to LPA stimulation (Fig. 1F, top panel), The data
from the lower three panels of Figure 1F verified the suc-
cessful immunoprecipitation applied in our experiments,
including the use of IgG as a negative control. These results
reveal that LPA induces activation of all three isoforms of
PKD in MASMCs.

PKD2, but not PKD1 or PKD3, mediates LPA-induced TF
expression and TF coagulant activity on cell surface

To date, it has been unknown whether any isoforms of PKD
mediate LPA signaling, leading to TF expression and TF
coagulant activity on cell surface. Our result demonstrated that
LPA prominently induces TF expression in MASMCs
(Fig. 2A). To determine the role of PKD in LPA-induced TF
expression, we examined whether depletion of the expression
of each PKD isoform, using specific siRNA knockdown
approach, affects TF expression in response to LPA. Our re-
sults reveal that knockdown of PKD2 protein expression nearly
completely abolished TF expression induced by LPA. How-
ever, depletion of PKD1 and PKD3 expression had no effect on
TF expression (Fig. 2, B and C), indicating that PKD2 plays an
important and specific role in the LPA signaling pathway,
controlling TF expression. We next examined the effect that
knockdown of the specific PKD isoforms has on TF coagulant
activity on cell surface. Our results show that knockdown of
PKD2 expression with the specific PKD2 siRNA resulted in
remarkably blocking LPA-induced TF surface activity, while
knockdown of PKD1 and PKD3 had no effect on the surface
activity of TF in MASMCs (Fig. 2D). Collectively, these data
strongly support the conclusion that PKD2 predominantly
mediates LPA-induced TF expression and TF coagulant ac-
tivity on cell surface.

PKD2 mediates LPA-induced phosphorylation of JNK and p38
MAPKs

To investigate the downstream signaling molecules in this
PKD-mediated signaling pathway, we evaluated the effect of
PKD on mitogen-activated protein kinase (MAPK) activation,
as LPA has been reported to activate MAPKs (18, 33–37). We
examined the relationship of PKD and MAPKs in this LPA-
triggered signaling pathway by evaluating whether depletion
of the expression of PKD isoforms, using specific siRNA for
PKD1, PKD2, or PKD3, has an effect on phosphorylation of
MAPKs. The specific PKD siRNAs were transfected into
rotein kinase D (PKD) isoforms

LRNKGY
LLNQGY
LRSKGY
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Table 2
The variable C-terminal amino acid sequences of the three mouse protein kinase D (PKD)

PKD1 (mouse): extreme c-terminal autophosphorylation site: EREMKALS916ER-918
PKD2 (mouse): extreme c-terminal autophosphorylation site: QGLAERIS873IL-875
PKD3 (mouse): no extreme c-terminal autophosphorylation site: PNPDDMEEDP-889

The relevant serine phosphorylation sites are indicated. PKD1 and PKD2 have autophosphorylation sites, but not PKD3.

LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
MASMCs for 48 h, followed by serum starvation for 24 h. Cells
were then stimulated with LPA (10 μM) for 5 min. As shown in
Figure 3, A and B, transfection of PKD1 and PKD3 siRNAs
nearly completely depleted endogenous protein expression of
PKD1 and PKD3, but had no significant effect on phosphory-
lation of ERK, JNK, and p38 MAPKs. However, transfection of
PKD2 siRNA, which nearly completely depleted endogenous
PKD2 protein expression, markedly inhibited phosphorylation
of p38 and JNKMAPKs. In contrast, depletion of PKD2 protein
expression had no effect on phosphorylation of ERK MAPK in
Figure 2. Effect of isoform-specific PKD siRNA transfection on tissue fact
A, MASMCs were treated with 10 μM of LPA for various time points and TF ex
protein expression in the time course was served as an internal control (PKD1 im
of PKD isoforms with PKD isoform-specific siRNAs on LPA-induced TF protein ex
analysis. For each PKD isoform, two specific siRNAs targeting different seque
MASMCs for 48 h followed by serum starvation for 24 h; then cells were st
C, knockdown results of panel B were quantified by densitometry. Data are mea
siRNA group. D, effect of knockdown of the expression of PKD isoforms with
mean ± SD from three experiments. **p < 0.01 versus LPA-treated, nonsilenci
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response to LPA. These results indicate that PKD2, but not
PKD1 or PKD3, is required for the activation of p38 and JNK
MAPKs in response to LPA stimulation in MASMCs.

PKD-dependent JNK and p38 MAPK pathways and PKD-
independent MEK1/2-ERK-JNK pathway mediate LPA-induced
TF expression in MASMCs

MAPKs have been reported to be involved in TF expression
brought about by various inducers (38–40). To determine
whether PKD2-mediated JNK and p38 MAPK activation is
or (TF) expression and TF surface activity induced by LPA in MASMCs.
pression was detected by Western blotting analysis with TF antibody. PKD1
age is the same shown in Fig. 1B). B, effect of knockdown of the expression
pression. Expression of PKDs and TF proteins was examined by Western blot
nces were utilized. The specific PKD siRNAs (40 nM) were transfected into
imulated with 10 μM of LPA for 5 h. β-actin serves as a loading control.
n ± SD from three experiments. **p < 0.01 versus LPA-treated, nonsilencing
PKD isoform-specific siRNAs on LPA-induced TF surface activity. Data are

ng siRNA group.



Figure 3. Effect of isoform-specific PKD siRNA on phosphorylation of
various MAPKs induced by LPA in MASMCs. The specific PKD siRNAs
(40 nM) were transfected into MASMCs for 48 h followed by serum star-
vation for 24 h; then cells were stimulated with 10 μM of LPA for 5 min.
A, effect of knockdown of the expression of PKD isoforms with PKD siRNAs
on LPA-induced MAPK phosphorylation. Expression of PKDs and phos-
phorylation of MAPKs were examined by Western blot analysis. B, results
were quantified by densitometry. Data are mean ± SD from three experi-
ments. **p < 0.01 versus LPA-treated, nonsilencing siRNA group.

LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
required for LPA-induced TF expression in MASMCs, we
pretreated cells with the specific JNK inhibitor SP600128 and
the specific p38 MAPK inhibitor SB203580 and measured
LPA-induced TF expression. We found that both inhibitors
SP600128 and SB203580 individually and dose-dependently
reduced LPA-induced TF protein expression in MASMCs
(Fig. 4, A–D). Furthermore, treatment with a combination of
SP600128 and SB203580 showed an additive effect on the
inhibition of TF expression and nearly completely blocked
LPA-induced TF expression (Fig. 4, E and F). In light of our
previous report that MEK1/2-ERK MAPK contributes to LPA-
induced TF expression in rat SMCs (18), we reasoned that the
PKD-independent MEK1/2-ERK MAPK pathway may merge
into the JNK pathway, contributing to LPA-induced TF
expression. This speculation was supported by our previously
published data that MEK1/2-ERK pathway-mediated JNK
activation leads to LPA-induced early growth response protein
1 (Egr-1) expression (37), and by another group’s report that
activation of ERK1/2 appears to activate its downstream
targets such as p90RSK and SAPK/JNK (41), despite the notion
that in the majority of cases, the MEK1/2-ERK pathway is
parallel to the MKK4/7-JNK pathway (42). Our speculation
was confirmed by the following experimental results. We first
substantiated that MEK1/2-ERK mediates LPA-induced TF
expression in MASMCs by employing the specific MEK1/2
inhibitor U0126. Our results show that pretreatment of U0126
dose-dependently inhibited LPA-induced TF expression in
MASMCs (Fig. 4, G and H). Next, we determined whether the
MEK1/2-ERK pathway is parallel to or in cross talk with the
JNK and p38 MAPK pathways. Interestingly we found that
U0126 dose-dependently blocked phosphorylation of JNK but
had no effect on p38 activation (Fig. 4, I and J), suggesting that
MEK1/2-ERK mediates JNK, but not p38, activation. These
data support a notion that the MEK1/2-ERK pathway merges
into the JNK pathway (cross talking), but is parallel to the p38
pathway in response to LPA stimulation, leading to LPA-
induced TF expression. Furthermore, to test if both the p38
pathway and MEK1/2-ERK-JNK pathway mediate LPA-
induced TF expression, we treated MASMCs with the com-
bination of MEK inhibitor U0126 and p38 MAPK inhibitor
SB203580 and found an additive effect of both inhibitors on
LPA-induced TF expression (Fig. 4, K and L). Taken together,
these results suggested a new regulatory paradigm that PKD2-
mediated activation of both JNK and p38, along with PKD-
independent activation of MEK1/2-ERK-JNK contributes to
LPA-induced TF expression in MASMCs.

JNK2, but not JNK1, mediates LPA-induced TF expression

We further aimed to identify which JNK isoform mediates
LPA-induced TF expression. The JNK family includes three
isoforms. JNK1 and JNK2 have broad tissue distributions,
while JNK3 is expressed predominantly in CNS neurons (43).
Therefore, we tested the role of JNK1 and JNK2 in LPA-
induced TF expression by depleting either JNK1 or JNK2
protein expression using specific siRNAs. We observed that
depletion of JNK2 protein expression markedly diminished
LPA-induced TF expression, while depletion of JNK1 expres-
sion had no effect (Fig. 5, A and B), indicating that JNK2, but
not JNK1, mediates LPA-induced TF expression in MASMCs.

p38α mediates LPA-induced TF expression

Considering that SB 203580 inhibitor dose-dependently
blocked LPA-induced TF expression (Fig. 4, A and B), we
reasoned that p38α and/or p38β might be involved in TF
expression, since it has been reported that SB 203580 inhibitor
specifically inhibits the activities of p38α and p38β (44–46).
p38 MAPK family comprises four isoforms: p38α, p38β, p38γ,
and p38δ (47). To examine whether p38α and β isoforms are
expressed in MASMCs, we detected the protein expression of
p38 MAPK isoforms in MASMCs, using specific antibodies
against various p38 MAPK isoforms, compared with the pos-
itive controls from various mouse organ tissues. We found that
p38α, p38γ, and p38δ MAPKs, but not p38β, are expressed in
MASMCs (Fig. 6A), suggesting that p38α may mediate TF
expression. We then employed the specific siRNA knockdown
J. Biol. Chem. (2021) 297(4) 101152 5



Figure 4. Effects of the specific p38 MAPK inhibitor, the specific JNK MAPK inhibitor, and the specific MEK1/2 inhibitor on LPA-induced TF
expression in MASMCs. The effect of the specific MEK1/2 inhibitor on LPA-induced phosphorylation of JNK and p38 MAPK was also examined. MASMCs
were pretreated with the specific inhibitors for 45 min, then stimulated with LPA for 5 h for detection of TF expression. To determine MAPK phosphor-
ylation, cell lysates of MASMCs stimulated by LPA for 5 min after pretreatment of specific ERK inhibitor were collected. TF expression and MAPK phos-
phorylation were examined by Western blot analysis. A, effect of various doses of the specific p38 MAPK inhibitor SB203580 on LPA-induced TF expression.
B, results were quantified by densitometry. Data are mean ± SD from three experiments. *p < 0.05 and **p < 0.01 versus LPA only group. C, effect of various
doses of the specific JNK inhibitor SP600125 on LPA-induced TF expression. D, results were quantified by densitometry. Data are mean ± SD from three
experiments. *p < 0.05 and **p < 0.01 versus LPA only group. E, effect of combination of SP600125 and SB203580 on LPA-induced TF expression. F, results
were quantified by densitometry. Data are mean ± SD from three experiments. *p < 0.05 and **p < 0.01 versus LPA only group. G, effect of various doses of
the specific MEK1/2 inhibitor U0126 on LPA-induced TF expression. H, results were quantified by densitometry. Data are mean ± SD from three experiments.
*p < 0.05 and **p < 0.01 versus LPA only group. I, effect of various doses of the specific MEK1/2 inhibitor U0126 on LPA-induced phosphorylation of JNK and
p38 MAPK. J, results were quantified by densitometry. Data are mean ± SD from three experiments. **p< 0.01 versus LPA only group. K, effect of com-
bination of U0126 and SB203580 on LPA-induced TF expression. L, results were quantified by densitometry. Data are mean ± SD from three experiments.
*p < 0.05 and **p< 0.01 versus LPA only group.

LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
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Figure 5. JNK2, but not JNK1, mediates LPA-induced TF expression. The
specific JNK1 and JNK2 siRNAs (40 nM) were transfected into MASMCs for
48 h followed by serum starvation for 24 h; cells were then stimulated with
10 μM of LPA for 5 h. For each JNK isoform, two siRNAs targeting different
sequences were utilized. A, effect of knockdown of the expression of JNK
isoforms with the specific JNK1 or JNK2 siRNAs on LPA-induced TF
expression. B, results were quantified by densitometry. Data are mean ± SD
from three experiments. **p < 0.01 versus LPA-treated, nonsilencing siRNA
group.

LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
approach to examine the role of p38α. Specific siRNA against
p38α and specific siRNA against p38γ (negative control) were
utilized to knock down the protein expression of these two
isoforms, and TF protein expression induced by LPA was
evaluated. Our data demonstrated that p38γ MAPK had no
role in LPA-induced TF expression because the depletion of
p38γ protein expression using the specific p38γ siRNA had no
effect on LPA-induced TF expression. However, p38α siRNA
transfection remarkably reduced LPA-induced TF expression
(Fig. 6, B and C). Taken together, these results indicate that
p38α MAPK contributes to LPA-induced TF protein expres-
sion in MASMCs.

LPA receptor 1 is responsible for LPA induction of PKD
phosphorylation, MAPK activation, and TF expression

LPA exerts its function through LPA receptors. Previously
we reported LPA receptor 1 (LPA1) and LPA receptor 2 (LPA2)
are predominantly expressed in MASMCs (48). We isolated
MASMCs from LPA1-/- and LPA2-/- mice and stimulated the
cells with LPA. We then detected phosphorylation of PKD,
JNK, p38, and ERK MAPKs and expression of TF protein. Our
results showed that knockout of LPA1 completely abolished
LPA-induced PKD phosphorylation, MAPK phosphorylation,
and TF protein expression (Fig. 7, A and B). These results
identified that LPA1, but not LPA2, is essential for mediating
LPA-induced TF protein expression.

Taken together, our results reveal new pathways leading to
LPA induction of TF expression in vascular SMCs, specifically
that the receptor LPA1 transduces the LPA signal via PKD2-
activated JNK2 and p38α MAPK pathways and regulates TF
expression. Our results also suggest that the PKD-independent
MEK1/2-ERK pathway merges into the JNK pathway, regu-
lating TF expression.

Discussion

TF-mediated activation of coagulation is critically important
for arterial thrombosis in the context of atherosclerotic dis-
ease. In addition to its role as the primary initiator of coagu-
lation, TF contributes to cellular inflammation via the
generation of downstream coagulation proteases, such as
Factor Xa and thrombin. However, the stimuli responsible for
TF expression in cells of arterial lesions and the mechanisms of
TF induction within the plaque are still largely unknown. LPA
has been shown to be a component of oxLDL and to accu-
mulate in human atherosclerotic plaques in vivo (19). LPA
levels were increased in culprit coronary arteries in human
patients and in experimentally induced mouse atherosclerotic
plaques (20, 21). In this study, using SMCs isolated from LPA
receptor knockout mice, we identified that LPA receptor 1
(LPA1) is responsible for LPA induction of TF expression in
SMCs. Currently there are six bona fide LPA receptors, LPA1-6

(49). We previously identified LPA1 as the key mediator of
LPA signaling in SMCs, leading to nuclear early growth
response protein 1 (Egr-1) expression and cell migration
(37, 48). In a recent in vivo study, we observed LPA1 mediates
neointimal formation in mouse carotid arteries in response to
J. Biol. Chem. (2021) 297(4) 101152 7



Figure 6. p38α MAPK mediates LPA-induced TF expression. A, the expression of p38 MAPK isoforms was detected with corresponding antibodies by
Western blot analysis. Tissue lysates from mouse heart, brain, and lung were used as positive controls. Twenty microgram protein was loaded to each lane.
B, effect of knockdown of the expression of p38 MAPK isoforms with the specific siRNAs on LPA-induced TF expression. The specific p38α and p38γ MAPK
siRNAs (40 nM) were transfected into MASMCs for 48 h followed by serum starvation for 24 h; cells were then stimulated with 10 μM of LPA for 5 h. β-actin
serves as a loading control. C, results were quantified by densitometry. Data are mean ± SD from three experiments. **p < 0.01 versus LPA-treated
nonsilencing siRNA group.

LPA1-PKD2-triggered p38α/JNK2 mediate LPA induction of TF
LPA stimulation (50). Therefore, LPA1 is essential for media-
tion of SMC inflammation and vascular lesion formation in
response to LPA stimulation.

Regarding the intracellular mediators of LPA induction of
TF expression, we previously identified that G-protein αi and
the MEK/ERK pathway contribute to TF expression in rat
SMCs (18). To explore other possible signaling mediators
involved in LPA-induced TF expression, in the current study,
we identified the role of PKD in LPA-induced TF expression.
Our results revealed PKD as a critical intracellular mediator in
LPA-induced TF expression. First, all three isoforms of PKD
are expressed in mouse SMCs. Second, LPA induces phos-
phorylation of all three isoforms of PKD. Third, knockdown of
PKD2, but not PKD1 or PKD3, blocks LPA-induced TF
expression and TF surface activity. Therefore, our study
identifies that PKD2 is an essential regulator of LPA induction
of TF expression. Furthermore, our data revealed that PKD2
exerts its regulatory effect on TF expression via p38 and JNK
MAPKs. In other words, p38 and JNK MAPKs are indispens-
able downstream mediators of PKD2. We demonstrated that
pharmacological inhibitors of p38 and JNK MAPKs dose-
dependently block LPA-induced TF protein expression.
Knockdown of PKD2, but not other isoforms of PKD, blocked
phosphorylation of p38 and JNK MAPKs, indicating that
PKD2-induced p38 and JNK MAPK pathways are essential for
LPA-induced TF expression.

The role of specific isoforms of p38 and JNK MAPKs in TF
expression has not been previously revealed. p38 MAPK
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comprises p38α, β, γ, and δ isoforms, while JNK consists of
JNK1, 2, and 3 isoforms. Our results revealed that p38α, γ, and
δ MAPKs and JNK1 and JNK2 are expressed in MASMCs.
Utilizing specific inhibitors and silencing, specific MAPK iso-
forms helped to identify that p38α and JNK2 are responsible
for LPA-induced TF expression in MASMCs. Therefore, for
the first time, we documented that p38α and JNK2 are
essential mediators of TF protein expression in VSMCs.

PKD family isoforms (PKD1–3) are emerging as important
mediators of growth factor, lipid, hormonal, oxidative, and
metabolic stress signals. LPA has been reported as one of the
inducers triggering PKD activation. In the vascular context,
PKD1 was found to play a role in LPA-induced endothelial cell
functions. LPA suppression of endothelial cell CD36 expres-
sion and promotion of angiogenesis were reported to be
mediated by PKD1 (25). PKD1-FoxO1 signaling was demon-
strated to mediate LPA-induced CD36 transcription in endo-
thelial cells (26). However, the role of the other isoforms of
PKD in both LPA-induced vascular signaling and its conse-
quences has been unknown. In the current study, our results
reveal that although three isoforms of PKD (PKD1–3) are
expressed in SMCs, it is only PKD2, not the other isoforms of
PKD, mediating LPA signaling toward TF expression and
surface activity. Furthermore, we identified that LPA-mediated
PKD2 activation leads to its downstream p38α and JNK2
MAPK activation, which promotes TF expression in vascular
SMCs. Regarding PKD2 and its downstream mediators, our
previous study revealed that the PKD2-p38 pathway mediates



Figure 7. LPA1 is responsible for LPA-induced PKD and MAPK phos-
phorylation and TF expression. A, wild type (WT), LPA1-/- and LPA2-/-
MASMCs were stimulated with 10 μM of LPA for 5 min (kinase activation) or
5 h (TF expression). Phosphorylation of PKD, p38, JNK, and ERK, as well as TF
expression, was examined by Western blot analysis. B, results were quan-
tified by densitometry. Data are mean ± SD from three experiments. **p <
0.01 versus LPA-treated (WT group).
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lysophosphatidylcholine-induced migration of monocytic cells
and monocytes (27). PKD2 mediation of PMA-induced ERK1/
2 MAPK and NF-κB activation has also been reported (51).
Our group previously identified that both PKD1 and PKD2
mediate histamine-induced TF expression in human SMCs:
PKD1 via a p38 MAPK-independent pathway and PKD2 via a
p38 MAPK-dependent pathway (52). To our knowledge, the
current study is the first to demonstrate the regulatory rela-
tionship between PKD2 and its specific downstream MAPK
targets p38α and JNK2, which mediate TF protein expression.

The newly proposed regulatory mechanism of LPA induc-
tion of TF in SMCs is illustrated in Figure 8. The current study
reveals a new pathway in LPA induction of TF expression,
starting with the identification of the specific LPA receptor
LPA1 and the PKD2-mediated p38 and JNK pathways. The
novel finding is the identification that the specific isoforms
p38α and JNK2 function in both the PKD2 pathway and TF
expression. The previously reported MEK/ERK pathway (18) is
speculated to merge into the JNK pathway because our
experimental data shows that inhibition of MEK1/2 activity
with U0126 blocked JNK activation (Fig. 4, I and J) in
MASMCs and rat SMCs (37). These data suggest a new
paradigm that the PKD-dependent JNK and p38 MAPK
pathways and the PKD-independent MEK1/2-ERK-JNK
pathway mediate LPA-induced TF expression in MASMCs.
We speculate that LPA-PKD2 pathway-mediated TF protein
expression and activity are likely due to induction of TF gene
transcription, as we previously demonstrated that LPA in-
duction of TF is controlled at the transcriptional level in rat
SMCs (18). Because of the increased levels of LPA in culprit
coronary arteries in human patients and the significant role of
TF in atherothrombosis, the discovered new mechanism will
contribute to elucidating LPA signaling, TF expression, and
atherothrombosis.

Experimental procedures

Reagents

MAPK inhibitors SB203580, SP600125, and U0126 were
from Enzo life Science. Antibodies against PKD1, PKD3, p38α
MAPK, phospho-PKD-activation loop (Ser744/748 in mouse
PKD1), phospho-PKD1 C termini (Ser 916), phospho-ERK,
phospho-p38 MAPK, and phospho-JNK were from Cell
Signaling Technology. Antibody against PKD2 was from
Bethyl Lab. Antibody against β-actin was from Sigma-Aldrich.
Antibody against p38γ was from EMD Millipore. Antibody
against p38δ MAPK was from R&D systems. Antibodies
against mouse TF and p38β were from Santa Cruz. TF surface
activity assay kit was from American Diagnostica. Non-
silencing control siRNA, mouse PKD1 siRNA, PKD2 siRNA,
PKD3 siRNA, JNK1 siRNA, JNK2 siRNA, p38α siRNA, and
p38γ siRNA were from Qiagen. The siRNA transfection re-
agent RNAi MAX was from Invitrogen.

Cell culture

All animal care and use procedures were performed under a
protocol approved by the Institutional Animal Care and Use
Committee at the University of Texas Permian Basin.
MASMCs were isolated from C57BL/6J mice and cultured in
DMEM (Corning) with 10% fetal bovine serum. MASMCs of
passages 6–8 were starved in serum-free media for 24 h prior
to 10 μM of LPA stimulation. To detect LPA induction of TF
protein, cells were stimulated with LPA for 5 h; for detection of
PKD and MAPK phosphorylation, starved cells were stimu-
lated with LPA for indicated times.

Western blot analysis

MASMCs were rinsed with cold phosphate-buffered saline
(PBS) and lysed in lysis buffer (50 mM Tris-HCl, pH 6.8, 8 M
urea, 5% mercaptoethanol, 2% SDS, 1 mM PMSF, 1X protease
inhibitors cocktail [Roche], 20 mM NaF, 1 mM Na3VO4) with
sonication for 20 s on ice. Cellular proteins were separated by
10% SDS–polyacrylamide gel electrophoresis and were trans-
ferred to a polyvinylidene fluoride membrane (Immobilon-P,
J. Biol. Chem. (2021) 297(4) 101152 9



Figure 8. Summary illustration of the signaling pathways for LPA induction of TF expression in SMCs. LPA initiates its signaling pathways through
LPA1 and activates intracellular PKDs. Activation of PKD2 further activates downstream p38α and JNK2, leading to induction of TF expression. The previous
reported LPA-induced MEK1/2-ERK pathway (18) is found to be PKD-independent, but cross talks with JNK, contributing to TF expression.
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Millipore-Sigma). The membranes were then probed with the
specific antibodies, and the specific protein bands were visu-
alized by ECL-Plus (GE Healthcare). Blot images were taken by
ChemiDoc imaging system (Bio-Rad).

siRNA transfection

Nonsilencing siRNA, PKD1, PKD2 and PKD3 siRNAs,
JNK1, and JNK2 siRNAs and p38α and p38γ siRNAs were
transfected into MASMCs using the RNAi MAX transfection
reagent (Invitrogen) according to the manufacturer’s in-
structions. Briefly, siRNAs were mixed with opti-MEM (Gibco)
for 5 min, then mixed with RNAi MAX transfection reagent
for 20 min. MSAMCs resuspended in DMEM/10% FBS were
planted with mixed siRNA-RNAi MAX reagent into cell cul-
ture dishes. Final concentration of siRNAs was 40 nM. Non-
silencing siRNA was used as a negative control. Forty-eight
hours after transfection, the cells were starved for 24 h fol-
lowed by treatment with or without LPA.

TF surface activity assay

Cell-surface TF activity was measured using the Acto-
chrome TF activity assay kit purchased from American Diag-
nostica. Briefly, starved MASMCs were stimulated with LPA
(10 μM) for 5 h. The cells were washed twice with PBS. Assay
buffer (300 μl, pH 8.4), 25 μl of factor VIIa, and 25 μl of factor
X were added to 12-well cell culture plates, and the plates were
stirred on an orbital rotator for 15 min at 37 �C. Then 25 μl of
Spectrozyme factor Xa substrate was added and incubated at
37 �C for 20 min with constant stirring. Aliquots of the re-
action mixture were pipetted into 96-well plates and read
along with the standards provided by American Diagnostica on
a Universal microplate reader Synergy HT (Bio-TEK In-
struments) at 405 nm.
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Data analysis

All data are representative of a minimum of three experi-
ments. Results are expressed as mean ± standard deviation
(SD). Comparisons between multiple groups were performed
using one-way analysis of variance with post-hoc Dunnett t
tests. A single comparison analysis was made using two-tailed,
unpaired Student t tests. A p value of 0.05 was considered
statistically significant.
Data availability

All data are contained within the article.
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